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Abstract
Context. In protoplanetary disks micron-size dust grains coagulate to form larger structures with complex shapes and compositions.
The coagulation process changes the absorption and scattering properties of particles in the disk in significant ways. To properly
interpret observations of protoplanetary disks and to place these observations in the context of the first steps of planet formation, it is
crucial to understand the optical properties of these complex structures.
Aims. We derive the optical properties of dust aggregates using detailed computations of aggregate structures and compare these com-
putationally demanding results with approximate methods that are cheaper to compute in practice. In this way we wish to understand
the merits and problems of approximate methods and define the context in which they can or cannot be used to analyze observations
of objects where significant grain growth is taking place.
Methods. For the detailed computations we used the discrete dipole approximation (DDA), a method able to compute the interaction
of light with a complexly shaped, inhomogeneous particle. We compared the results to those obtained using spherical and irregular,
homogeneous and inhomogeneous particles.
Results. While no approximate method properly reproduces all characteristics of large dust aggregates, the thermal properties of dust
can be analyzed using irregularly shaped, porous, inhomogeneous grains. The asymmetry of the scattering phase function is a good
indicator of aggregate size, while the degree of polarization is probably determined by the size of the constituent particles. Optical
properties derived from aggregates significantly differ from the most frequently used standard (“astronomical silicate” in spherical
grains). We outline a computationally fast and relatively accurate method that can be used for a multiwavelength analysis of aggregate
dust in protoplanetary disks.
Key words. scattering – techniques: polarimetric – protoplanetary disks – circumstellar matter
1. Introduction
In high-density environments, such as protoplanetary disks, dust
grains stick together to form larger structures. This coagulation
process is the starting point of the formation of larger bodies.
The growth of dust grains to larger aggregates affects their dy-
namical (e.g., Ormel et al. 2007) and optical (e.g., Henning &
Stognienko 1996; Min et al. 2006; Volten et al. 2007; Kataoka
et al. 2014) properties. The opacity of the disk is dominated
almost everywhere by the dust particles. Therefore, with the
changing absorption efficiency with coagulation state, the ther-
mal structure of the disk and the internal radiation field also
change. This in turn influences the chemistry and the dynami-
cal properties. Therefore, the optical properties of the dust par-
ticles in a protoplanetary disk form the basis of any modeling
or interpretation attempt. Here we make a step toward a better
understanding and providing a computationally feasible tool to
compute realistic optical properties of aggregated particles.
There is extensive literature on the optical properties of com-
plex dust particles (see, e.g., the excellent books on this topic by
Bohren & Huffman (1983); van de Hulst (1957) or, e.g., Draine
(1988); Voshchinnikov et al. (2007); Min (2009) and other pa-
pers by these authors). Much is known about general properties,
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trends and characteristics of the optics of these particles as a
function of wavelength, particle shape, composition, and size.
The large body of knowledge on this is in sharp contrast with
what is usually applied in radiative transfer modeling of dusty
astronomical environments. The underlying reason is that exact
computations of the optical properties of complex particles is
computationally very demanding. Here we aim at bridging the
gap between fundamental knowledge and practical application
of the optical properties of complex dust aggregates by analyz-
ing the properties of exact computations and providing a com-
putationally feasible method to reproduce these properties for
inclusion in radiative transfer modeling.
The optical properties of particles are often computed using
the Mie theory (Mie 1908). With this approach the particles are
assumed to be homogeneous spherical particles, which usually
is an inaccurate approximation for the optical properties of com-
plexly shaped particles (see, e.g., Min et al. 2005). The applica-
bility and accuracy of the Mie theory can be somewhat increased
by combining it with effective medium theory to mix different
materials together or include porosity (see, e.g., Voshchinnikov
et al. 2005). For aggregates with an extremely open (fluffy) struc-
ture, effective medium theory provides a reasonable approxi-
mation. Kataoka et al. (2014) gave a recipe for approximating
the optical properties of such extreme aggregates. An improve-
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ment to the effective medium approach, simulating aggregates
with irregularly shaped constituents, can be performed by com-
bining their recipe with the aggregate polarizability mixing rule
(APMR) from Min et al. (2008).
Exact methods for computing the optical properties of ag-
gregated particles do exist. However, the aggregate size that can
be handled by these methods is limited because these meth-
ods are very demanding in terms of cpu and memory require-
ments. Methods like the superposition T-matrix (Mackowski &
Mishchenko 1996) or the discrete dipole approximation (DDA;
Purcell & Pennypacker 1973; Draine & Flatau 1994) are used
to gain insight into the optical properties of aggregates and how
they differ from those of compact particles. This is usually done
with a specific wavelength range or observational characteristic
in mind. Within the framework of the FP7 project DIANA we
aim at modeling protoplanetary disks using a broad wavelength
range and a wide variety of observation types (dust and gas diag-
nostics) at different spatial resolution. This requires a method for
the optical properties of the dust particles that is able to produce
accurate results for all characteristics.
In this paper we study aggregate particles over a wide range
of wavelengths, using absorption, scattering, and polarization
characteristics. By combining these various optical properties
we aim to provide combinations of observational characteris-
tics that are unique for aggregate particles. In addition, we study
which approximate computational tools catch the optical prop-
erties of aggregate particles best and make recommendations for
modeling aggregate particles in protoplanetary disks.
2. Optical properties
For convenience we first introduce a few definitions and terms
that are used throughout the paper.
The first important characteristic of a particle is its size. For
a spherical particle this is easily described by its radius, r. For
a nonspherical particle we consider the size of the particle to
be the radius of a homogeneous sphere with the same material
volume (i.e., the same mass), denoted by rV . Thus, rV is defined
as rV =
3√3V/(4pi), with V the total material volume (i.e., the
same mass) of the particle.
The optical properties of a particle can be defined in terms
of the scattering matrix and the cross sections for absorption and
scattering. The scattering matrix is a 4 × 4 matrix that converts
the Stokes vector of the incoming light into the Stokes vector of
the outgoing light. The angle-dependent elements of the scatter-
ing matrix are denoted by Fi j(θ), where θ is the scattering angle.
This angle is defined such that θ = 0◦ refers to forward scattering
and θ = 180◦ refers to backward scattering. The F11 element of
the scattering matrix is commonly referred to as the phase func-
tion. This element determines in which direction the energy is
redistributed. The ratio −F12/F11 represents the degree of lin-
ear polarization for unpolarized incoming light. For the cross
sections we use the symbol κabs, κsca, κext representing the cross
section per unit mass for absorption, scattering, or extinction.
2.1. Exact method: Discrete dipole approximation
To computate the optical properties of the aggregates we used
the DDA (Purcell & Pennypacker 1973; Draine & Flatau 1994).
This is a computational method that allows obtaining the optical
properties of arbitrarily shaped particles with an arbitrary com-
positional mix. In the DDA the particle volume is represented
as a collection of dipoles. Each dipole represents a subvolume
element of the particle, the discretization of the integral over
the volume of the particle. The interaction of these dipoles with
each other is used to compute the interaction of the different vol-
ume elements in the particle. For a recent, detailed overview
of the DDA we refer to Yurkin & Hoekstra (2007). Despite
the somewhat confusing term approximation in the name, the
method gives an exact solution to the Maxwell equations in the
limit of an infinitely large number of dipoles (Lakhtakia 1992;
Lakhtakia & Mulholland 1993). Therefore, the method itself is
exact, but the numerical implementation provides an approxima-
tion. Especially for high values of the refractive index, where the
method is still exact in principle, the number of dipoles has to be
large enough to trace the large gradients of the electromagnetic
field inside the particle. For the computations we used the pub-
licly available code ADDA (Yurkin & Hoekstra 2011). This code
has the advantage that it is very fast, can be run in parallel mode,
and has improved accuracy for large refractive indices (Yurkin
et al. 2010).
The accuracy of DDA depends on the number of subvolume
elements (dipoles) chosen to represent the particle. First of all,
it is important to have enough dipoles to represent the shape of
the particle that is to be modeled. Second, it is important that
the dipoles are small enough, such that the electromagnetic field
inside a single dipole can be considered constant. This means
that the dipoles need to be significantly smaller than the wave-
length of radiation both inside and outside of the particle. Since
DDA basically solves a 3Nx3N matrix equation, the number of
dipoles is given by the available computing power, which limits
the size of particles for which computation is feasible. Modern
DDA programs use a fast Fourier transform method to speed up
the matrix solution. This approach allows handling large parti-
cles, with the drawback that the dipoles have to be placed on a
regular, rectangular grid. This makes computations of very fluffy
aggregates (with void dipoles) much more challenging than very
compact particles of the same mass.
In reality aggregates are build out of different monomers
with different sizes, shapes, and compositions. In our DDA com-
putations we used a single size for all monomers, but we gave
each monomer a different shape by sampling each aggregate
monomer with a number of dipoles.
For the smaller aggregates we considered several different
aggregate configurations, while for the largest aggregates (rV >
3 µm) we only performed the computations for a single aggre-
gate. The optical properties were always computed for a random
set of orientations, determined by the random orientation sam-
pling in the ADDA code. This limited set of aggregate realiza-
tions was chosen to make the computations feasibile, but it can
cause residual noise on the computed polarization and intensity
phase curves. However, this does not hamper the interpretation
of general trends.
2.1.1. Creating the aggregates
To compute realistic optical properties of cosmic dust aggre-
gates, we have to start by creating the aggregates. Many com-
putations on dust aggregates have been performed using spheri-
cal monomers. However, Min et al. (2008) have shown that the
shapes of the monomers of the aggregate are very important for
the optical properties of the aggregate as a whole. Therefore,
we here used irregularly shaped monomers. We used Gaussian
random field particles (GRF; see Min et al. 2007) to construct
monomers using about 100 subvolume elements (dipoles). One
hundred dipoles allow for a reasonably irregular shape while
limiting the number of dipoles per monomer. We constructed
2
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Figure 1. Images of the particles used in the DDA computations. The left image shows a single monomer, containing approximately
100 dipoles, the middle image is an aggregate containing 216 of these monomers, and at the far right we show the largest aggregate
we consider, containing 8000 monomers. The horizontal line indicates the scale in each image.
100 realizations of these GRF particles, all with different ran-
domly determined shapes. The aggregates were then constructed
as follows.
1. We started with a single monomer, randomly chosen from
the 100 realizations of GRF particles.
2. We placed another monomer (also randomly chosen) at the
center of the first so that their volumes overlapped.
3. The second monomer was moved by random brownian mo-
tion until the volume no longer overlapped. The monomers
were allowed to have several contacting dipoles, but no over-
lap.
4. Steps 2 and 3 were repeated for each monomer that was to
be added to the aggregate.
This procedure creates relatively compact aggregates (see
also Fig. 1), allowing efficient use of DDA. The interactions be-
tween the monomers in the aggregate are also stronger for more
compact aggregates, making the effects of aggregation more vis-
ible in the optical properties.
Each monomer in the aggregate is made of a single mate-
rial. We randomly assigned a material to each monomer using
the overall composition of 75% silicate, 15% carbon, and 10%
iron sulfide (by volume). This composition is roughly consistent
with the solar system composition proposed by Min et al. (2011).
We used the refractive index data from Dorschner et al. (1995),
Preibisch et al. (1993), and Begemann et al. (1994) for the sili-
cate (MgSiO3), carbon, and iron sulfide particles, respectively.
Since both amorphous carbon and iron sulfide have very
large refractive indices, we switched to the filtered coupled
dipole mode of ADDA to increase the efficiency and accuracy
(Yurkin et al. 2010). The largest particle we considered was an
aggregate with a volume-equivalent radius of rV = 4 µm com-
posed of 8000 monomers with rV = 0.2 µm. As each monomer
is built from 100 dipoles, we have 800.000 occupied dipoles in
the DDA grid.
We assumed the aggregates in protoplanetary disks to be ori-
ented randomly, therefore we computed for each aggregate real-
ization the orientation-averaged optical properties.
2.2. Approximate methods
The exact DDA computations of aggregates provide detailed
properties of aggregate particles. However, for day-to-day use
in radiative transfer modeling, for instance, these computations
are too slow. Therefore, approximate methods that capture the
essence of the exact computations are usually relied upon. For
the approximate methods in this paper we considered two pos-
sibilities for the external shape and two for the internal structure
and material mixing. This gave us four different methods of dif-
ferent complexity. All these methods are computationally much
less demanding than the DDA method described above; the mul-
tiwavelength optical properties of a single particle can always be
computed within a minute.
2.2.1. Particle shape
For the shape of the particles we used two representations: 1)
homogeneous spheres, and 2) very irregularly shaped particles.
For the homogeneous spheres we used the Mie theory to com-
pute the optical properties (Mie 1908). The optical properties of
an irregular particle were approximated by averaging over a dis-
tribution of hollow spheres (DHS; Min et al. 2005). While the
DHS method considers hollow spherical particles, it has been
shown to be very effective in reproducing the properties of nat-
ural samples of complex particle shapes, including the correct
positions of features related to solid-state resonances (see, e.g.,
Fabian et al. 2001; Min et al. 2003; Mutschke et al. 2009). For
the DHS particles we used an irregularity parameter, fmax = 0.8.
Computationally, fmax represents the maximum volume fraction
occupied by the central void in the hollow sphere. In practice,
this is a parameter representing the more general amount of de-
viation from a perfect homogeneous sphere.
2.2.2. Internal structure and material mixing
In a realistic aggregate each monomer is composed of roughly
one material, and these components together make up the ag-
gregate. This mixture can be considered in two extreme ways:
either the homogeneous monomers dominate, or the mixed-
composition aggregate dominates. These two extremes can be
captured with two different approaches that are commonly used
for multi-composition mixtures: 1) adding the opacities of ho-
mogeneous grains, and 2) effective medium computations of
mixtures at the smallest scale. Method 1 is often used in anal-
yses of the mineralogy of disks, where the composition of the
monomers is considered that make up the aggregates. In this
method a mix of materials for each component is assumed,
sometimes with different size distributions. Here, for simplicity,
we assumed that the size distribution of the different materials
is the same. Method 2, on the other hand, is often used in ra-
diative transfer modeling where the overall, average absorption
and reemission efficiencies of the aggregates as a whole are to be
considered. Here we compare the two methods using the optical
properties computed with DDA. In effective medium computa-
tions the refractive index of the particle is replaced with an ef-
3
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Figure 2. Cross sections per unit mass of the aggregate particles computed using DDA. We plot the cross sections for extinction,
absorption, and scattering. The upper left panel shows an effective size of rV = 0.2 µm (single grains), the upper right panel
rV = 1.2 µm, the lower left panel rV = 2.0 µm, and the lower right panel rV = 4.0 µm.
fective refractive index computed from the refractive indices of
the submaterials and their abundances. We used the Bruggeman
mixing rule. Like most effective medium theories, it assumes
that the mixing takes place at the finest level, such that it is im-
possible to distinguish different material components. Effective
medium theories easily allow including microporosity by mix-
ing in vacuum. We added 25% of vacuum to the particles com-
puted with the effective medium theory. For the computations in
method 1 we did not consider any porosity, that is, the particles
are solid and homogeneous.
3. Results
The DDA aggregate computations were performed on a parallel
computer. The largest aggregate, 8000 monomers, has 800.000
occupied grid cells. To improve the accuracy of the compu-
tations, we split each of these grid cells using the refinement
method included in ADDA until convergence in the optical prop-
erties was reached at a level of 10−5. The computation of the
largest aggregate took four days of CPU time using 64 cores for
44 wavelength points.
3.1. Cross sections
The absorption, scattering, and extinction cross sections of the
aggregate particles are plotted in Fig. 2 for a few selected aggre-
gate sizes. In general, the opacity decreases when the aggregate
size increases. This occurs first at the shortest wavelengths. In
addition, it is clear that scattering becomes increasingly impor-
tant when the aggregate size increases. For aggregate sizes of
a few micron, scattering is already a major component even at
mid-infrared wavelengths – an important effect for multiwave-
length radiative transfer modeling of protoplanetary disks where
aggregates of these sizes are expected to be very common.
When we compare the cross sections for absorption com-
puted with DDA to those computed using the approximate meth-
ods (Fig. 3), we see a number of important effects.
First of all, it is clear that adding the opacities of single, ho-
mogeneous particles is not a good approximation in the optical
part of the spectrum for aggregates. In the upper panels, which
are basically the unaggregated constituent monomers, this ap-
proximation seems to work reasonably well, at least at wave-
lengths lower than 20µm. However, when aggregation starts (the
two lower rows in Fig. 3), this approximation clearly underesti-
mates the absorption cross section. We speculate that the reason
for this is that in this approximation, each homogeneous parti-
cle itself is assumed to be of the size of the simulated aggregate.
For the lower panels we therefore have a 4 µm silicate grain, a
4 µm carbonaceous grain, and a 4 µm iron sulfide grain. In the
real aggregate, however, the separate material components each
contribute a small fraction so they cannot combine to such large
particles. This causes the opacity of the aggregate particles to
be much higher. When using the effective medium theory, this
effect is approximately simulated and the opacities match much
better. Additionally, the porosity included in these computations
causes the grains to have a higher opacity.
The second important result is the opacity at mm wave-
lengths. The slope is much better simulated using the effective
medium mixing models than by adding opacities. The absolute
value is much better represented using the DHS model compared
to the homogeneous spheres. The best approximation for the mil-
limeter opacity, both slope and absolute value, is when using the
4
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Figure 3. Absorption cross section of the aggregate particles as a function of wavelength for three different particle sizes compared
to the approximate methods. The upper panels show the aggregates for a volume-equivalent radius of 0.2 µm, the middle panels
show1.2 µm, and the lower panels 4.0 µm particles. The left panels show spherical particles with and without added porosity, the
right panels show the opacities computed with the DHS method with and without porosity.
DHS model in combination with effective medium theory. We
note that even this method still has a significantly steeper slope
than the full aggregate computations.
The opacity at 1300µm is for the medium-size aggregates
κabs = 5.1 cm2/g. This compares reasonably well to the value
used for example by Andrews & Williams (2005) of κabs =
3.5 cm2/g. The opacity at millimeter wavelengths is fairly well
approximated by a power law, κabs ∝ λ−β. We find that for the ag-
gregate computations β ∼ 1.2. The DHS with effective medium
mixing has a slope of β ∼ 1.6. However, these values are very
sensitive to the abundance of carbon and iron sulfide and to the
exact composition of the carbon. Preliminary computations we
did for more conducting forms of carbon yielded an opacity that
can be orders of magnitude higher and a slope that is much more
shallow. This can have very important consequences for the in-
terpretation of the millimeter slopes of protoplanetary disk spec-
tra, since a shallow slope is usually interpreted as a sign of grain
growth. We consider the discussion of the exact value of the mil-
limeter opacity and its slope beyond the scope of this paper, but
do note here that the DHS model with effective medium theory
reproduces the millimeter opacity of the DDA aggregate compu-
tations, in contrast to the other approximations we tested. This
suggests that DHS is a good approximation to use when studying
the effects of composition on the millimeter opacity and slope.
It is also clear from the curves in Fig. 3 that the 10 µm silicate
feature, which is frequently used as an indicator of particle size,
is not well represented by the methods without porosity. We also
computed opacities using the effective medium theory, but with-
out the 25% porosity. This experiment yielded too weak silicate
features for all particle sizes larger than 1 µm. This solid-state
feature seems to correlate to the overall porosity of the particle.
For compact particles the size dependence of the feature is too
strong. It is expected that for particles more fluffy than the one
5
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Figure 4. Phase function for scattering at λ = 0.55 µm. The left panel shows the aggregates of different sizes. The right panel shows
the DHS model with 25% porosity. The other approximate methods show very similar phase functions.
we used, this effect is much stronger still, as has been shown by
Min et al. (2006) for aggregates of different fractal dimension.
3.2. Scattering properties
3.2.1. Phase function
In Fig. 4 we show the phase functions, F11, computed for scat-
tering at a wavelength of λ = 0.55 µm. The overall shape of this
curve is clearly similar to the simplified approach. Especially the
forward-scattering part of the phase function, up to ∼ 50◦ scat-
tering, is very similar. From this scattering angle toward more
backscattering directions, the phase functions of the real aggre-
gates do differ from all simplified methods. The aggregates show
a much flatter and even slightly increasing phase function with
scattering angle, where all simplified methods display a decreas-
ing phase function with scattering angle. The reason for this is
the concaveness of the aggregates outer layers. The approximate
methods are all very smooth particles with a convex and com-
pletely smooth surface. For large particles, this causes strong
forward Fresnel reflections. However, for a concave or rough
surface, a behavior much more in line with that also outlined
in Min et al. (2010) is expected. These relatively small aggre-
gates already show the start of the backward-scattering behavior
expected from simple geometrical optics (like the lunar phases).
Indeed, the shape of the phase function of the 4 µm aggregates
can be completely understood from a superposition of a diffrac-
tion part and a backward-reflecting curve computed from re-
golith reflectance theory (Hapke 1981). This effect is expected
to be especially strong for more compact particles. By increas-
ing the aggregate fluffiness, the effect will eventually disappear.
In Fig. 5 we plot the asymmetry parameter of the particles as
a function of wavelength. The asymmetry parameter, g = 〈cos θ〉
, is defined as
g =
∫
4pi F11(θ) cos θ dΩ∫
4pi F11(θ) dΩ
. (1)
In observations, we often cannot access the entire phase
function, and conclusions are drawn about the asymmetry pa-
rameter from a limited range of scattering angles. For exam-
ple, debris disks are optically thin and F11 can be measured di-
rectly from scattered-light images. If the disk is resolved, then
we know the disk inclination and the range of scattering angle
probed. The scattering properties then have to be compared over
the same range of scattering angles. To examine the true diag-
nostic value of this range, we also show in Fig. 5 the asymmetry
parameter that would be derived when only the central 80◦ of
scattering can be accessed, for example, for a debris disk with
inclination 40◦ from face-on. As is often done in cases like this,
we fit a Henyey Greenstein phase function,
FHG11 ∝
1 − g2
(1 − 2g cos θ + g2)3/2 , (2)
to this part of the computed phase function. This yields an ob-
served, or effective, asymmetry parameter of that part of the
phase function. It is plotted in Fig. 5 . The effective asymmetry
parameter can be very different from the formal one computed
by Eq. 1. For short wavelengths and large aggregates it can even
be negative, corresponding to the part of the phase function that
increases with scattering angle, that is, the dominant backward-
scattering part. In real observations, the orientation of the system
is often unknown and only the absolute value of the asymmetry
parameter can be obtained. Only whith additional information
on the near and far side of the disk can the sign be obtained.
It is expected that the wavelength region with dominant back-
ward scattering (effective asymmetry parameter g < 0) becomes
broader with increasing aggregate size. The range of scattering
angles over which the phase function is backward scattering is
also expected to grow with increasing aggregate size because the
diffraction peak, which is heavily forward scattering, moves to
smaller scattering angles. This effect is not captured by any of
the approximate methods.
3.2.2. Effective albedo
As discussed in the previous section, we often cannot access the
full range of scattering angles in an observed object. In the case
of anisotropic scattering, this can also cause a large part of the
scattered light to be scattered away from the observer. Especially
in the case of extreme forward scattering, this can cause the ob-
served scattered-light flux to be much lower than what would
be expected by considering the single-scattering albedo alone.
This effect was introduced by Mulders et al. (2013) to explain
the faint scattered-light halo of the Herbig star HD 100546 and
its red color.
In Fig. 6 we show the total and the effective albedo of the
aggregates and the values corresponding to the simplified com-
putations. The effective albedo is the albedo that would be com-
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Figure 5. Wavelength-dependent asymmetry parameter of the aggregate particles (upper panels) and the DHS distribution with
porosity (lower panels) for different particle sizes. We show the formal asymmetry parameter of the entire phase function with solid
black lines and the effective asymmetry parameter with dashed green lines. This was obtained by fitting a Henyey-Greenstein phase
function to the central 80◦ of the phase function, i.e., from 50 − 130◦ scattering angle, representative of a disk with inclination of
40◦.
puted if we were to cut out the forward 10◦ of scattering. In ob-
servations the forward-scattering peak is often not seen, there-
fore the effective albedo provides a better measure for the ob-
served albedo than the true albedo. The forward-scattering part
of the phase function is usually very high, causing the effective
albedo to be smaller than the true albedo in most cases. The ef-
fect is strongest for shorter wavelengths, where the phase func-
tion is more asymmetric. This wavelength dependence causes
the effective scattering to be redder than what would be expected
from isotropic scattering (the full albedo). The wavelength de-
pendence and absolute value of the (effective) albedo are all cap-
tured equally well by the approximate methods.
3.2.3. Polarization properties
It is often assumed that the degree of polarization is a good indi-
cator of particle size. Particles much smaller than the wavelength
of radiation reach a degree of polarization at 90◦ scattering that is
100%. As the particle size increases, the polarization first drops.
However, for very large, smooth, and convex particles the polar-
ization increases again as a result of scattering at the Brewster
angle. For a non-absorbing sphere this causes 100% polarized
light at a scattering angle for which tan(pi − θ/2) = n, with n the
refractive index. This effect does not play a role in scattering off
a rough or concave surface, therefore the degree of polarization
of realistic particles is not expected to increase at the Brewster
angle. Indeed, as we show in the upper left panel of Fig. 7, the
degree of polarization is constant with size. This effect can also
be observed for other wavelengths. To examine the behavior of
the degree of polarization with wavelength, we define the aver-
age degree of polarization as
Pav =
1
4pi
∫
4pi
−F12/F11 dΩ. (3)
For pure Rayleigh scattering Pav = pi/2 − 1 ≈ 0.57. In Fig. 7
we plot the average degree of polarization as a function of wave-
length for the aggregates and the simplified particle shapes. It
is striking to see that the behavior as a function of wavelength
is very simple and smooth for the aggregate particles, while for
all simplified approaches the behavior is much more chaotic as
a function of wavelength. For the large, smooth particles with
mixing, the effect of the Brewster angle becomes very clear as
well. This causes a very high polarization for large particles at
short wavelengths, which is not seen for the aggregate particles.
This is not seen either when we add the opacities of the single
materials because here we add scattering matrices of particles
that do not have the same Brewster angle, and particles that do
not show strong polarization around the Brewster angle because
of strong absorption from the carbon and iron sulfide particles.
These effects are washed out to a certain degree in the mixing
method. It can be argued that the DHS method comes closest to
the aggregate polarization properties with added opacities, but
this method does not catch the essentially simple behavior of the
aggregate particles either.
4. Large aggregates and comparison to other
approaches
We have shown how to best approximate the optical properties of
dust aggregates in protoplanetary disks. The best match with the
exact aggregate computations was reached with the DHS model
with effective medium theory and a porosity of 25%. The next
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Figure 6. Wavelength-dependent (effective) albedo of the aggregate particles (upper panels) and the DHS distribution with porosity
(lower panels) for different particle sizes. We show the total albedo with solid black lines and the effective albedo with dashed
green lines, i.e., removing the first 10◦ of scattering. The other approximate methods display a similar behavior, but with differently
detailed shapes of the curves.
step is to analyze the influence of this different approach on what
is currently considered to be the standard. Standards are crucial
in modeling. especially for the optical properties of dusty envi-
ronments. Since the optical properties are the basis of any inter-
pretation, comparing the results from different studies becomes
extremely difficult when the underlying assumptions on the op-
tical properties are very different.
In many current modeling approaches, the method most
commonly applied is the Mie theory, homogeneous spheres, with
a composition characterized by the so-called astronomical sili-
cate (Draine & Lee 1984). We compare our new approach to this
and show the differences.
Dust particles in protoplanetary disks are expected to grow
significantly beyond the limiting size we used so far. With the
approach using DHS and effective medium theory we can eas-
ily extend the size range to much larger sizes. For the dust size
distribution we take a simple power law given by
n(r)dr ∝
{
r−p, rmin < r < rmax,
0, elsewhere.
(4)
For the computations in this paper we fixed the minimum and
maximum size of the distribution to rmin = 0.05 µm, rmax =
3000 µm.
In Fig. 8 we show the mass absorption cross sections as a
function of wavelength for different values of the slope of the
size distribution, p. We compare the DHS method with the ef-
fective medium theory and the material mixture used through-
out the paper with the curves computed using spherical astro-
nomical silicate particles with the same size distribution. There
are a few notable differences. First, the absorption cross section
of the entire curve is much lower for the astronomical silicate
particles. Second, the slope in the millimeter part of the spec-
trum is different. How different this slope is depends strongly
on the exact choice of the optical properties of the carbon and
iron sulfide particles and on their abundance in the mix. Finally,
the amorphous silicate feature in the astronomical silicate curves
is stronger. All these differences will lead to a significantly dif-
ferent interpretation of observations when using the simplified
spherical astronomical silicate grains as compared to the DHS
grains with a realistic mixture of laboratory measured materials.
The absolute offset and the strength of the silicate feature are
most likely caused by the absence of a material like carbon or
iron sulfide in the astronomical silicate approximation. The slope
of the millimeter opacity is only significantly adjusted with the
combination of an adjusted material mixture and particle shape.
5. Conclusions
We have computed the optical properties of aggregate parti-
cles and compared them to several simplified approaches for
the computation of optical properties. The aim was to determine
which approximate numerical method can be used to accurately
derive the optical properties of particles that are expected to be
aggregates, such as the dust particles in protoplanetary disks or
comets. We discussed the general characteristics of aggregate
8
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Figure 7. Degree of linear polarization as a function of scattering angle (upper left panel). The other panels show the scattering-
angle-averaged degree of polarization as a function of wavelength for the different particle models (see Eq. 3). Shown are the curves
for rV = 0.2, 2.0, and 4.0 µm.
particles and what distinguishes them from compact or smooth
particles.
We conclude the following:
• The cross sections and the overall shape of the scattering
phase function of aggregate particles are well represented us-
ing a combination of effective medium theory, porosity, and
the DHS shape distribution. In this way the internal complex-
ity of the aggregate (through the effective medium theory),
the fluffy structure (through the porosity), and the irregular
shape of the constituents and the aggregate (through the DHS
shape distribution) are captured.
• For an aggregate with a relatively open structure we can dis-
tinguish between two different sizes: the size of the aggregate
as a whole and the size of the constituents. Different scatter-
ing properties couple preferentially to one of these two sizes:
– The asymmetry of the scattering phase function is almost
solely influenced by the size of the aggregate as a whole
and is therefore a good indicator of aggregate size.
– The degree of polarization is not significantly influenced
by the size of the aggregate and is expected to be deter-
mined by the size of the constituent particles.
The particles in our simulation are still relatively compact
for computational efficiency. It is expected that the differ-
ences between the two different sizes present in the aggre-
gate are more pronounced when the aggregate structure is
more fluffy.
• Large aggregate particles display a phase function with
a strong forward-scattering peak and mildly backward-
scattering part of the phase function. This backward-
scattering part of the phase function is not found for smooth
particles. In geometries where the forward-scattering peak is
not visible (for example in mildly inclined disks), the phase
function can appear to be purely backward scattering. This
effect cannot be modeled using smooth particles.
• The polarization properties of aggregates are, as already
mentioned, dominated by the polarization properties of the
aggregate constituents. Therefore, when modeling aggregate
polarization properties, the shape of the constituents is an es-
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Figure 8. Size-distribution-averaged mass absorption cross sec-
tion computed with the DHS method with the effective medium
theory (solid lines) compared to those computed for spherical
particles composed of astronomical silicate (dotted lines). The
different colors correspond to different slopes (i.e., values of p)
of the size distribution: p = 4 (pink), p = 3.5 (red), and p = 3
(brown).
sential parameter. Studies that rely on spherical constituents
need to be interpreted with caution.
• Comparing the computational recipe we devised to obtain
the opacities of aggregate particles to the frequently em-
ployed spherical astronomical silicate particles, we conclude
that the astronomical silicate spheres have
– a lower opacity at all wavelengths,
– a steeper slope in the millimeter, and
– a stronger 10 µm silicate feature.
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